Cell division in exponentially increasing populations of the wildtype, photosynthetic Z strain of Euglena gracilis Klebs cultured autotrophically on an aerated, magnetically stirred, minimal mineral medium (pH 7.0) in constant light (LL) or in a light-dark 1 hour:1 hour cycle (LD:1,1) at 250C could be synchronized by a 10-hour:10-hour low (2 micromolar):normal (200 micromolar (27) , and phototaxis in Chlamydomonas reinhardtii (17). Three models for circadian oscillators (10) that are based in part on cellular calcium (18, 21, 22) share in common a cycling ofintracellular calcium among compartments (endoplasmic reticulum, mitochondria, cytoplasm, extracellular medium-depending on the model). Although this intercompartmental calcium cycling in itself constitutes the circadian mechanism in the Kippert model (21), it is only one important element of a biochemical circadian loop in that of Goto et al. (18).
Ca2+ (the normal concentration), and the steady-state phaseshifts engendered (if any) after transients had subsided were calculated with reference to an unperturbed culture. For both HiCa and LoCa pulses given at different circadian times, strong (type 0) phase-response curves (PRCs) were obtained, but although the LoCa PRC was the same as that obtained for light signals, the HiCa PRC was the opposite (a mirror image). These results implicate calcium in clock function, although it is likely that only a small portion of the total intracellular Ca2+ ion is playing a role since the period of the division rhythm in cultures grown in the continuous presence of excess Ca2+ or under LoCa was not altered significantly.
Since intracellular free calcium is well known as a cell regulator, coordinating many kinds of intracellular reactions and even its own concentration (1, 2, 5, 7) , it is quite possible that it may play a significant role in the functioning of circadian clocks (10, 13) . Indeed, it has been demonstrated in a variety of eukaryotic organisms that circadian rhythmicity of many different types of physiological processes are modulated by calcium levels: cell shape (23, 24) cell division (18) in Euglena gracilis, ocular rhythms in Bulla gouldiana (25) , leaf movement in Trifolium repens (3) and Cassiafasciculata (29) , conidiation in Neurospora crassa (27) , and phototaxis in Chlamydomonas reinhardtii (17) . Three models for circadian oscillators (10) that are based in part on cellular calcium (18, 21, 22) share in common a cycling ofintracellular calcium among compartments (endoplasmic reticulum, mitochondria, cytoplasm, extracellular medium-depending on the model). Although this intercompartmental calcium cycling in itself constitutes the circadian mechanism in the Kippert model (21) , it is only one important element of a biochemical circadian loop in that of Goto et al. (18) .
In an attempt to elucidate the role of calcium in the timing mechanisms that are responsible for circadian periodicities, we have studied the effects of changes in extracellular calcium concentration on the rhythm of cell division in E. gracilis Klebs. Such changes affect the intracellular distribution of calcium via changes at the level of the plasma membrane as well as within another cellular compartment in this unicellular alga (35) .
MATERIALS AND METHODS
' Some of these results were presented (Abstract 1.8.51) at the 4th International Congress of Cell Biology, August 14-19, 1988 Axenic, aerated, magnetically stirred, 4-L batch cultures were grown at 25°C (Z strain) or 16.5°C (ZC mutant) in environmental chambers on a modified Cramer and Myers' medium supplemented with vitamins B1 and B12 as previously described (11) . The medium for the ZC strain was further supplemented with ethanol (0.1%, v/v) as a carbon source and with cysteine and methionine (10-5 M), sulfur-containing amino acids that are known to improve rhythmicity of cell division in other achloroplastidic mutants of E. gracilis (perhaps by allowing better coupling between the cell division cycle and the underlying circadian oscillator) (14) . Illumination was provided by clock-programmed, cool-white fluorescent bulbs. Cell number was monitored every 2 h by a miniaturized fraction collector and a Coulter Electronic Particle Counter (1 1 (27) . In all cases, CT and data for AO were normalized to 24 h to facilitate comparison among different values of r.
A plot of the AO (if any) engendered by a chemical perturbation as a function of the CT at which the pulse was administered yielded a PRC for the rhythm of cell division (15) .
RESULTS

Free-Running Division Rhythms in Different Concentrations of External Calcium
As already has been described for cultures of E. gracilis Z dividing synchronously in LD:3,3 (15) , the division rhythm also free-ran in the short-period (T = 2 h) LD: 1,1 regimen. A statistical analysis of a total of 172 oscillations displayed for cultures maintained in LD: 1,1 yielded a value for r of 26.00 ± 1.32 h ( with other LD cycles (15) . On the contrary, the amplitude of the rhythm, reflected in the step-size (ss) ofthe division bursts, dramatically decreased at below-normal values of external calcium concentration (Fig. 1 A) (Fig. 2, left side of panel) . When the cultures were placed in a 10-h: 10-h low (2 gM): normal (200 jM) external calcium regimen (LoCaNormCa: 10,10), cell division of both strains was synchronized so that the X of the rhythm thus elicited was 20 h, exactly matching that of the imposed calcium cycle (Fig. 2, middle of panel) . The two cell types behaved differently, however, when the external calcium was restored to NormCa conditions: The Z strain quickly reverted to an exponential growth pattern (perhaps due to the damping influence of the constant illumination on the oscillator), whereas the ZC mutant strain free-ran with a longer, circadian r of 26.0 h (Fig. 2, right side of panel) . These longer periods were similar to those found in free-running ZC mutant cultures in DD after prior entrainment in LD: 12,12 (6).
Phase-Response Curves for LoCa and HiCa Pulses
The free-running division rhythm in cultures ofthe Z strain maintained in LD: 1,1 was scanned by single 2-h HiCa (10 mM) , two aliquots of 100 mL each were subjected to a 2-h HiCa (10 mM) perturbation, the midpoint of which occurred either at CT 0.9 or CT 15.6 (culture B and C, respectively). Onsets of cell division were taken as phase-reference points (0,s) and were considered to fall at CT 12.0, corresponding to the onset of darkness in LD:12,12. After transients had subsided and free-running r of 26 h had been reestablished, the difference in phase (AO) between the shifted rhythm and the unperturbed one (vertical dotted lines on the right) was measured and taken to be the steady-state AO engendered by the HiCa signals.
Step-sizes (ratio of number of cells/mL following a division burst or step, to that just before onset of division are indicated to the left of successive steps. Other labels as for Figure 2. to the beginning ofthe CDC at the onset of light in a reference LD: 12,12 cycle) and at CT 15.6 (during the division burst) are illustrated, respectively, in Figure 3 , B and C. In each, large phase-shifts (Arks) occurred but of opposite sign (-10.0 h and +6.0 h) as a result of the lengthening (-AO) or shortening (+Ak) of the cycle following the perturbation. The experiments were facilitated by the high stability of r, both before and after the HiCa signal.
This type of experiment yielded two families of curves for the HiCa and LoCa signals, from which two classic phaseresponse curves (PRCs) were derived (28, 37) . The PRC for HiCa signals (Fig. 4A) and sites of action that are associated with different cellular events-both clock and non-clock. Such spatial differentiation, in turn, would contribute to the temporal ordering of cellular processes (1, 13) . Cycling between two different concentrations of external calcium, such as NormCa and LoCa, synchronized cell division in populations ofboth the wild-type Z and the ZC mutant strain that had been growing exponentially in dim LL or DD before the regimen (10 h: 10 h) was imposed so that the period of the induced rhythm exactly matched that (20 h) of the entraining calcium cycle (Fig. 2) . The two strains behaved differently, however, when the external calcium was restored to the NormCa concentration: The Z strain quickly reverted to an exponential growth pattern (perhaps due to the damping influence of the constant illumination on the oscillator), whereas the ZC mutant strain free-ran with a longer, circadian T of 26.0 h that is typical of DD free-runs in ZC cultures after prior entrainment by LD: 12,12 (6) .
The results obtained with short perturbations in calcium concentration stand in marked contrast to the stable period observed for different steady-state concentrations of this divalent cation. This work provides for the first time a detailed PRC for the phase-shifting effects of calcium pulses on the circadian rhythm of cell division in Euglena (or in any other synchronously dividing population of unicells). We utilized in all experiments a short-period (T = 2 h) LD: 1,1 light regimen to elicit free-running rhythmicity in photoautotrophically cultured wild-type Z cells. This cycle was chosen because it provides the same total duration ofillumination ofidentical intensity within a 24-h timespan as an entraining LD: 12,12 reference cycle, yet affords no information with regard to 24-h periodicities. It can be imposed on the culture from the moment ofinoculation, and the first dark interval presumably initiates the rhythm in the population (12) . In these experiments, the LD regimen elicited a remarkably reproducible, stable period of 26.0 h, which was completely independent of the percentage of cells dividing during any given burst (see Fig. 1 ).
The PRCs for both HiCa (Fig. 3A) and LoCa (Fig. 3B ) perturbations were ofthe 'strong' (type 0) type (37) but showed Aqs of opposite sign at a given CT (that is, they were mirror images ofeach other). Each PRC comprised a plateau segment also, reflecting a relative insensitivity to calcium pulses (CT6 to CT 13 for HiCa signals, CT4 to CT 13 for LoCa), and a 'break-point' (where +A4s became -Aos, and vice cersa) occurring approximately between CT20 and CT22. The significance of this break-point, whatever the perturbation, is not clear because one cannot ascertain if this phase-jump reflects some discrete metabolic change or is merely an artifact in the plotting of the data (37) . The general form of the PRC for action of LoCa pulses on the cell division rhythm in Euglena is remarkably similar to that found for light signals on division rhythmicity in the same unicell (15) and other lower organisms (28, 37) . Thus, decreasing the external calcium concentration mimicks the effect of a light pulse on the circadian oscillator underlying the cell division cycle. In contrast, increasing the intracellular free Ca2`accelerates lightand dark-promoted leaflet movement in the nyctinastic legume Cassia fasiculata (29) and may mediate light-induced Aos (via phytochrome) of the leaf-movement rhythm in Samanea saman (32) .
Calcium channels appear to mediate light-induced phase shifts of the ocular circadian pacemaker in the cloudy bubble snail Bulla gouldiana. Light signals impinging on the Bulla eye preparation cause membrane depolarization, which can be mimicked by direct electrical stimulation of a single basal retinal neuron. Depolarization may be causing changes in the ionic flux of Ca2", allowing for its entry, perhaps by opening and closing Ca2" channels. If the extracellular Ca2" concentration was reduced from 10 mM to l0-4 mM with EGTA, light-induced phase shifts of the Bulla ocular rhythm were blocked (20, 25) . In contrast, a 2-h pulse (CT 14 to CT 16) of the convulsant agent pentylenetetrazole (50 mM), which is known to directly modulate Ca2" levels by releasing Ca2+ from intracellular stores, generated phase delays (-1.0 h) in the Bulla eye comparable to those produced by light pulses (19) . These results, therefore, indicate that Alps can be generated despite reduced extracellular Ca2 . Mediation by a calciumdependent mechanism has been implicated (9) in the circadian rhythm of vasopressin release in response to membrane polarization that has been reported for perfused rat SCN explants in vitro, and the concentration of calcium ion may be important for maintaining and regulating the rhythm of metabolic activity (labeled 2-deoxyglucose uptake) in rat hypothalamic-slice preparations (33) . Phase-shifting by agents that cause transitory perturbations (increases) of intracellular Ca>2 has been reported also in Trifolium repens (3), Chiamydomonas reinhardtii (17) , and Neurospora crassa (27) . It is interesting to note that the phosphatidylinositol cycle has been hypothesized to mediate the effects of light on leaflet movement in Samanea saman pulvini. Hydrolysis of membrane-localized phosphoinositides, accompanied by an increase in cytosolic free Ca", would provide a mechanism for phototransduction in the motor cells (26, 32) .
In both the mitochondrial calcium cycle model (21) and the biochemical control loop model (18) for an autonomously oscillatory circadian clock, light action (resetting and phaseshifting the clock) is effected by the stimulation of a photoreceptor (phytochrome or a blue-light photoreceptor in plants, such as Samanea [31] , or perhaps a blue-light photoreceptor in Euglena and animal cells) that would enhance net calcium efflux from mitochondria or net calcium influx across the plasma membrane into the cytoplasm. Supporting evidence for these assumptions is that the far red-absorbing phytochrome (Pf), converted by light from the red-absorbing phytochrome species (Pr), enhances net calcium efflux from mitochondria (30) , and net calcium influx across the plasmalemma (8) . Our finding that the cell division rhythm in the ZC mutant of Euglena free-running in DD can be entrained by a calcium cycle (Fig. 2) in the same manner that it is entrained by light pulses (6) further supports this notion. In both our entrainment and phase-shifting experiments, it was the LoCa treatments that mimicked light action and presumably caused Ca" flux from an internal compartment. Indeed, a LoCa external medium has been shown to reverse the calcium gradient across the plasma membrane and to induce a passive efflux ofcalcium from an intracellular compartment of Euglena (35) , which might be seen as a transitory increase in cytoplasmic free Ca".
All of our results, as well as those of others, therefore, strongly implicate calcium in circadian clock function (10, 13) , although it is likely that only a small portion of the total intracellular Ca> ion is playing a role since the period of the division rhythm in cultures grown in the continuous presence of excess Ca>2 or under LoCa conditions was not altered significantly. The question remains whether calcium is part ofthe oscillator itself ( 18, 21, 22) or is merely upstream (along the entrainment pathway) (19, 20, 25, 26) or downstream (coupling the clock to its hands) from it (34, 38) . If intracellular calcium cycling, which has been hypothesized to trigger nuclear and cytoplasmic cycles (36) , indeed is an element of the oscillator, the identity of the key compartments, as well as of other clock gears, awaits elucidation (13) .
